Paraneoplastic cerebellar degeneration (PCD) is a disorder in which breast or ovarian tumors express an onconeural antigen termed cdr2, which normally is expressed in cerebellar Purkinje neurons. This leads to an immune response to cdr2 that is associated with tumor immunity and autoimmune cerebellar degeneration. We have found that cdr2, a cytoplasmic protein harboring a helix-leucine zipper (HLZ) motif, interacts specifically with the HLZ motif of c-Myc. Both proteins colocalize in the cytoplasm of adult cerebellar Purkinje neurons, and coimmunoprecipitate from tumor cell lines and cerebellar extracts. cdr2 down-regulates c-Myc-dependent transcription in cotransfection assays, and redistributes Myc protein in the cytoplasm. Disease antisera from six of six PCD patients specifically blocked the interaction between cdr2 and c-Myc in vitro. These data indicate that cdr2 normally sequesters c-Myc in the neuronal cytoplasm, thereby down-regulating c-Myc activity, and suggest a mechanism whereby inhibition of cdr2 function by autoantibodies in PCD may contribute to Purkinje neuronal death.
Paraneoplastic neurologic disorders are immune-mediated neuronal degenerations that develop in the setting of malignancy. They provide perhaps the clearest examples of naturally occurring tumor immunity in humans. It is believed that the disorders are initiated when neuron-specific proteins, normally immunologically privileged, are expressed ectopically in tumor cells and thereby, are recognized as foreign (tumor) antigens. Such patients are asymptomatic until this immune response becomes competent to recognize antigens expressed in the nervous system, leading to an immune-mediated neuronal death. Therefore, these rare disorders touch on important questions of tumor immunity, autoimmune neurologic disease, and neuron-specific protein function.
Paraneoplastic cerebellar degeneration (PCD) is one of the best-studied PNDs. Characterization of 55 PCD patients (Peterson et al. 1992 ) revealed that they almost invariably have breast or ovarian cancer, and that their cerebellar degeneration is characterized pathologically by Purkinje cell death. The immune response in PCD is characterized by high titers of serum and cerebrospinal fluid antibodies that recognize a ∼55-kD antigen in the patient's tumors and in cerebellar Purkinje neurons. PCD antisera has been used to clone cDNAs encoding several related target antigens (Dropcho et al. 1987; Sakai et al. 1990; Fathallah-Shaykh et al. 1991) , only one of which, cdr2, is expressed in PCD tumor specimens (Corradi et al. 1997) . The cdr2 gene is widely transcribed, but the protein has only been found to be expressed in cerebellar Purkinje neurons, some brainstem neurons, and spermatogonia (Corradi et al. 1997) , all immune-privileged sites.
The major insight to the biologic function of cdr2 has been the identification of structural motifs in the predicted amino acid sequence. The cdr2 amino terminus harbors an acidic domain followed by an extended amphipathic helix that ends in a typical leucine zipper. Recognition of the leucine zipper domain, which is present in a number of proteins, including some transcription factors, initially led to the suggestion that cdr2 might be involved in the regulation of gene expression (FathallahShaykh et al. 1991) . However, the antigen was found to be localized to the cytoplasm, where it can be found both free and associated with membrane-bound ribosomes (Hida et al. 1994) .
We have used the cdr2 helix-leucine zipper (HLZ) dimerization domain in a yeast two-hybrid screen to identify an interaction between cdr2 and c-Myc. cdr2 and c-Myc interact specifically, colocalize in Purkinje neuronal cytoplasm, and coimmunoprecipitate from cerebellar extracts. Cotransfection experiments indicate that cdr2 inhibits c-Myc-dependent transcription, most likely by sequestering the protein in the cytoplasm. Finally, we find that the interaction between cdr2 and cMyc is abrogated by PCD antisera. These data suggest a model whereby the PCD immune response blocks the ability of cdr2 to down-regulate c-Myc, leading to excessive signaling along a pathway known to lead to Purkinje neuronal apoptosis.
Results

cdr2 binds selectively to c-Myc
The amino-terminal 150 amino acids of cdr2 contain an acidic region of 30 amino acids, followed by an extended amphipathic helix of 100 amino acids and a classic leucine zipper dimerization motif. We tested several aminoterminal constructs for activation in a yeast two-hybrid system, and found that constructs containing the cdr2 HLZ domain without the acidic domain were suitable for screening. Because cdr2 is expressed in HeLa cells (Fathallah-Shaykh et al. 1991 ), we performed a yeast twohybrid screen of a HeLa cell cDNA library using the cdr2 HLZ domain as bait, and identified c-Myc as a specifically interacting clone (Table 1) . This clone encoded the carboxylterminus of c-Myc, a region that includes the HLZ c-Myc interaction domain. To test the specificity of this interaction, we assayed different HLZ constructs for cdr2 amino-terminal binding. cdr2 bound strongly to cMyc but did not bind constructs expressing Max or bicoid. Thus, cdr2 binds specifically to c-Myc in the yeast two-hybrid system.
To confirm these findings, and to demonstrate that the interaction between cdr2 and c-Myc is not dependent on additional yeast proteins, we assayed directly the protein interactions in vitro using GST fusion proteins and 35 Slabeled in vitro translation products.
35
S-Labeled c-Myc showed equally robust interactions with Max and cdr2, but failed to react with control proteins (Fig. 1A) . Conversely, 35 S-labeled cdr2 reacted with c-Myc and cdr2 itself, suggesting that the protein may be able to homodimerize through its leucine zipper domain (Fig. 1B) . cdr2 failed to interact with Max or with c-Myc deletion constructs lacking the carboxy-terminal HLZ domain (Fig. 1B) . These results demonstrate a direct and specific interaction between cdr2 and the c-Myc HLZ domain.
Colocalization of cdr2 and c-Myc in cerebellar Purkinje neurons
cdr2 is a cytoplasmic protein found specifically in Purkinje neurons in the cerebellum. Although c-Myc is a nuclear transcription factor, its distribution can vary between the cytoplasm and the nucleus in relation to cellular proliferation and differentiation in cell lines (Vriz et al. 1992; Craig et al. 1993) , in vivo (Bai et al. 1994; Wang et al. 1997) , and in pathologic specimens of human tumors (Royds et al. 1992; Sasano et al. 1992; Bai et al. 1994 ). In addition, several studies have reported c-Myc mRNA and protein in developing Purkinje neurons (Ruppert et al. 1986; McCormack et al. 1992; Miyazawa et al. 1993; Takahashi et al. 1993) , and perhaps very low levels of c-Myc mRNA in some adult Purkinje neurons (Ruppert et al. 1986 ).
To examine whether adult cerebellar Purkinje neurons express c-Myc protein and to assess where it is localized, we examined rat brain sections by immunohistochemistry using a panel of c-Myc antibodies, and compared this with the staining obtained with cdr2 antibody. Figure 2 demonstrates that c-Myc and cdr2 show a striking colocalization in the cytoplasm of Purkinje neurons. cMyc expression was high in sharply demarcated groups of Purkinje neurons, typically groups of 12-16 neurons, and absent or weakly expressed in most (∼80%) of Purkinje neurons ( Fig. 2F ; data not shown), whereas cdr2 expression was high in all Purkinje neurons (Fig. 2D,E ). Double labeling with cdr2 and c-Myc antibodies confirmed that individual Purkinje neurons expressing c-Myc coexpress cdr2 ( Fig. 2G-I ). The same pattern of c-Myc expression was seen with four different anti-cMyc antibodies, and one available blocking peptide abrogated binding ( Fig. 2A-C ; data not shown). As a positive control for nuclear reactivity in these fixation conditions, we stained serial sections for the Nova protein, which is expressed abundantly in the Purkinje cell nucleus (data not shown). The overlap in cdr2 and c-Myc localization is consistent with a direct association of the proteins in vivo.
We next examined whether cdr2 and c-Myc colocalize by confocal microscopy. Rat cerebellar sections were stained with cdr2 and c-Myc antibodies and protein localization examined by immunofluorescence confocal microscopy. Figures 2J-L demonstrate that in a single confocal optical section, cdr2 and c-Myc immunoreactivities colocalize largely, although not completely, within the Purkinje neuronal cytoplasm. This colocalization is consistent with a direct association of cdr2 and c-Myc in vivo.
cdr2 and c-Myc interact directly
To evaluate further whether cdr2 and c-Myc interact directly, we performed coimmunoprecipitation experi- ments in transfected cell lines, using either c-Myc antibody or a T7 antibody specific to an epitope tag encoded in the cdr2 expression construct. c-Myc antibody was able to precipitate c-Myc protein and coprecipitate cdr2 protein (Fig. 3A) . Conversely, T7 antibody was able to precipitate the T7-tagged cdr2 protein and coprecipitate c-Myc protein (Fig. 3A) . We examined the cytoplasmic and nuclear localization of both T7-tagged cdr2 and cMyc in these cells by Western blot analysis (Fig. 3B) . We detected c-Myc protein in both cytoplasm and nuclear fractions, but were able to detect T7-tagged cdr2 protein only in the cytoplasmic fraction. Taken together, these data indicate that expressed cdr2 protein interacts directly with c-Myc in the cytoplasm of heterologous transfected cells.
To examine whether cdr2 and c-Myc interact in vivo, we performed coimmunoprecipitation experiments from mouse cerebellum. c-Myc antibodies were able to precipitate c-Myc itself, and to coimmunoprecipitate cdr2 from solubilized whole cerebellar extracts, demonstrating the existence of a cdr2:c-Myc complex in vivo (Fig.  3C ). In these SDS-polyacrylamide gels, which were run under highly resolving conditions to separate cdr2 from IgG, cdr2 was detected as a doublet of ∼55 kD (Fig. 3C) . Interestingly, c-Myc antibody appeared to immunoprecipitate preferentially the smaller of the two cdr2 bands, suggesting that c-Myc may interact specifically with a unique cdr2 species. Neither of these cdr2 reactive proteins were immunoprecipitated by nonspecific rabbit immunoglobulin (Fig. 3C ). Although cdr2 antibody was able to precipitate cdr2 protein from cerebellar extracts, it failed to coimmunoprecipitate c-Myc protein under a variety of conditions ( Fig. 3C ; data not shown), although we were able to coimmunoprecipitate T7-tagged cdr2 with c-Myc in transfected cells using a T7 monoclonal antibody ( Fig. 3A ; see Fig. 6 and discussion below).
cdr2 induces redistribution of Myc in the cytoplasm
To begin to evaluate the functional consequences of the cdr2:c-Myc interaction, we transiently expressed cdr2 under the control of a cytomegalovirus (CMV) promoter into N2A cells (a mouse neuroblastoma cell line). In cells that were not transfected with cdr2, no significant amount of cdr2 immunoreactive protein could be detected, and c-Myc showed predominantly nuclear staining (Fig. 4) . In cells transfected with cdr2, cdr2 protein was readily detected in the cytoplasm, predominantly in a perinuclear location, although some protein could be detected diffusely in the cytoplasm; no protein was detected within the nucleus. Under these conditions, the Myc protein showed a striking redistribution into the cytoplasm, where it colocalized with cdr2 protein (Fig.  4) . We found similar results in experiments in which cdr2 expression was induced under the control of a tetracycline promoter in stably transfected HTC-75 cells (data not shown), the same cell line used for coimmunoprecipitation experiments in Figure 3A . These data indicate that in heterologous transfected cells the cdr2 protein is capable of interacting with and inducing a change in the subcellular localization of c-Myc to the cytoplasm.
cdr2 down-regulates the ability of c-Myc to induce transcription in heterologous cells
To determine whether the cdr2:c-Myc interaction is able to alter the ability of c-Myc to induce gene expression, we examined c-Myc-induced transcription of a reporter construct in the presence or absence of cdr2. We transiently transfected Rat 1A fibroblast cell lines with a reporter gene that either had (M4 minCAT) or did not have (minCAT) c-Myc-binding sites (E-box elements) upstream of a CAT reporter gene. In the absence of transfected c-Myc, baseline transcription from endogenous cellular c-Myc proteins leads to specific CAT induction from the M4 minCAT construct (Fig. 5A , lane−; Kretzner et al. 1992) . Transfection of a c-Myc-expressing plasmid led to a 2.6-fold increase in E-box-dependent CAT activity, which was suppressed by cotransfection with cdr2 ( Fig. 5A) .
To confirm and extend these observations, we exam- ined whether titrating increasing amounts of cdr2 yielded a dose-dependent effect on c-Myc-dependent transcription. For these experiments, we assayed transcription using a luciferase reporter construct in NIH-3T3 cells transfected with a Myc-expressing plasmid. We found that a luciferase reporter harboring E-box elements (pM4luc) showed approximately four to five fold more activity than a basal promoter construct (Fig. 5B , lanes 1,2). Cotransfection of increasing concentrations of cdr2 together with the pM4luc reporter led to a linear decrease in c-Myc-dependent transcriptional activity over a fourfold range (Fig. 5B ). These results indicate that cdr2 was able to block the action of cotransfected c-Myc to induce E-box-dependent transcription.
PCD disease antisera inhibit the cdr2:c-Myc interaction
We next examined whether PCD antisera could affect the interaction between cdr2 and c-Myc. PCD antisera have been reported to recognize an epitope in the region of the cdr2 HLZ domain (Sakai et al. 1993) . Moreover, we were unable to coprecipitate cdr2 and c-Myc from mouse brain or transfected tissue culture cells using PCD antisera (see Fig. 3C ), although were able to coprecipitate both proteins using T7-tagged cdr2 (see Fig. 3A ). These observations suggested that PCD antisera might inhibit the interaction between cdr2 and c-Myc.
To test this hypothesis, we incubated identical amounts of 35 S-labeled c-Myc with GST-Max or GSTcdr2 fusion proteins in the presence of six different PCD disease antisera or six different non-PCD disease control antisera. All six PCD disease antisera significantly inhibited the interaction of cdr2 with c-Myc (Fig. 6 ) relative to the non-PCD control sera. Moreover, the PCD antisera failed to affect the interaction of Max with cMyc. Quantitation of these data revealed a 5.5-fold inhibition of the cdr2:c-Myc interaction by PCD antisera, relative to control sera. Comparable results were obtained with PCD cerebrospinal fluid (data not shown). These results indicate that a hallmark of PCD disease antisera is an ability to disrupt the interaction of cdr2 with c-Myc in vitro.
Discussion cdr2 regulation of the transcription factor c-Myc
We have found that the cytoplasmic paraneoplastic cerebellar degeneration antigen cdr2 binds to c-Myc in vivo and down-regulates c-Myc function in cotransfection assays. Previous studies have described a variety of proteins that bind to and regulate c-Myc transcriptional activity in the nucleus. The canonical c-Myc-binding protein is Max, which binds nuclear c-Myc through its HLZ domain to mediate transcriptional activation . In addition, a series of HLZ proteins, including Mad1, Mxi1, Mad3, Mad4, and Mnt (Ayer et al. 1993; Hurlin et al. 1996 Hurlin et al. ,1997 , down-regulate c-Myc activity indirectly, by competing with nuclear c-Myc for binding to Max. Other nuclear c-Myc-binding partners have been described, most of which bind outside of the HLZ, including Bin1 (Sakamuro et al. 1996) , a protein related to the paraneoplastic breast tumor antigen amphiphysin, and TRRAP, which interact with the c-Myc amino-terminal domain (McMahon et al. 1998) , as well as YY1 (Shrivastava et al. 1993 ) and Miz-1 (Peukert et al. 1997). Other than cdr2 and Max, the only known protein that might interact with the c-Myc HLZ is Nmi, a protein identified in a yeast two-hybrid screen that is expressed in all tissues except brain (Bao and Zervos 1996) and that localizes to the cytoplasm of tumor cell lines (Lebrun et al. 1998) .
Our findings suggest that cdr2 acts to down-regulate c-Myc function as a nuclear transcription factor, most likely by a mechanism that involves sequestering c-Myc in the cytoplasm. There is abundant precedent for cytoplasmic proteins sequestering and down-regulating transcription factor activity. Transcription factors belonging to the NFB/Rel/NFAT family, termed IB proteins, interact with cytoplasmic regulatory proteins to inhibit nuclear translocation and thereby down-regulate transcription factor function (Schmitz and Baeuerle 1995; Rao et al. 1997) . Similarly, cytoplasmic glucocorticoid receptors are believed to bind heat shock proteins, which thereby inhibit their nuclear translocation and transcriptional activation (Groyer et al. 1987) .
There have been previous reports that c-Myc protein can be detected in the cytoplasm of certain cell types. c-Myc has been detected previously in the cytoplasm of cell lines (Craig et al. 1993 ) and tumor samples (Lipponen 1995; Pietilainen et al. 1995; Boni et al. 1998) . In neurons, the detection of c-Myc in Purkinje cell cytoplasm parallels the observation that N-Myc, which is expressed in the nuclei of cerebellar Purkinje neurons during development, but localizes to Purkinje cell cytoplasm in adults (Wakamatsu et al. 1993) . The colocalization of the cytoplasmic protein cdr2 and c-Myc and the coimmunoprecipitation of these proteins from cerebellar extracts indicates that cdr2 binds to cytoplasmic c-Myc in Purkinje neurons.
Nonetheless, c-Myc presumably functions as a nuclear transcription factor in neurons. Detection of steadystate c-Myc expression in Purkinje neuronal cytoplasm suggests that regulation of its subcellular localization may control c-Myc activity in neurons. One means by which c-Myc localization might be regulated is through control of its interaction with cdr2. Serine phosphorylation of the inhibitor IB regulates its interaction with cytoplasmic NF-B, thereby regulating NF-B nuclear entry and transcriptional activity (DiDonato et al. 1997) . Similarly, post-translational modifications of cdr2 could provide a mechanism for the regulated entry of c-Myc into Purkinje neuronal nuclei. However, despite the suggestion of two closely migrating cdr2 species, which may interact differentially with c-Myc (Fig. 3) , and one report of in vitro phosphorylation of cdr2 by PKN (Takanaga et al. 1998 ), we have not yet been able to demonstrate evi- The rapid regulation of basic-leucine zipper transcription factors, such as fos and jun that mediate activity-dependent changes in neuronal gene expression (Morgan et al. 1987; Morgan and Curran 1995) , suggests that a similar transient action, albeit by a different mechanism, may underlie c-Myc function in neurons. c-Myc expression in adult neurons previously has not been clearly established, perhaps in part as a result of the transient nature of its expression. We found strong c-Myc expression only in small sets of Purkinje neurons in the cerebellum, and similar small pockets of c-Myc expression in some other areas of the brain [ventral spinal cord, scattered cortical neurons(H. Okano and R. Darnell, unpubl.)]. These groups of neurons may correspond to activated sets of cells, such as the functional microzones of cerebellar Purkinje neurons described physiologically (Ito 1990 ).
The role of the cdr2:c-Myc interaction in Purkinje neuronal death
The observations that cdr2 inhibits c-Myc-dependent transcriptional activity and that PCD disease antisera disrupt the cdr2:c-Myc interaction lead to a model for the role of cdr2 antibodies in PCD disease pathogenesis. PCD patients harbor high titer cdr2 antibodies in their cerebrospinal fluid (CSF) early in the course of the disease (Peterson et al. 1992 ; M.L. Albert and J.C. Darnell, unpubl. data), and these antibodies are actively synthesized within the CSF compartment by B cells (Furneaux et al. 1990 ). In addition, the pathologic hallmark of PCD brains is the destruction of Purkinje neurons (Posner 1995; Verschuuren et al. 1996; Corradi et al. 1997) , although the mechanism of cell death is not known. Thus, a correlation can readily be made between the local syn- Figure 6 . Inhibition of cdr2:c-Myc interaction by PCD patients' sera. The effect of PCD antisera on the cdr2:c-Myc interaction was assessed using GST pull-down assays. GST-cdr2 or GST-Max fusion proteins in solution were immobilized on glutathione-Sepharose beads, preincubated with sera obtained from six different PCD patients or non-PCD control sera, washed, and then mixed with in vitro-translated [ thesis of cdr2 antibodies in the brain and Purkinje neuronal degeneration.
There is one particularly relevant animal model of cerebellar degeneration that implicates dysregulation of cell cycle pathways in Purkinje neuronal death. Orr and colleagues found that transgenic mice expressing the SV40 T antigen from the Purkinje neuron-specific promoter pcp-2 developed cerebellar degeneration as a result of Purkinje neuronal apoptosis (Feddersen et al. 1992) . Cell death was preceded by an abortive attempt of neurons to enter the cell cycle (Feddersen et al. 1995) . These observations have led to the hypothesis that inappropriate cell cycle signals in neurons may mediate neuronal apoptosis (Heintz 1993; Feddersen et al. 1995) . The ability of nerve growth factor (NGF) to prevent c-Myc-induced apoptosis in fibroblast cell lines expressing trkA receptor (Ulrich et al. 1998 ) lends support to the suggestion that c-Myc itself is capable of mediating neuronal apoptosis.
Taken together these observations suggest that antibody-mediated abrogation of the cdr2:c-Myc interaction could contribute to Purkinje neuronal degeneration in paraneoplastic cerebellar degeneration (Fig. 7) . All PCD disease antisera target the cdr2 leucine zipper epitope (Sakai et al. 1993 ; J.P. Corradi, W.-Y. Park, and R.B. Darnell, unpubl.) and disrupt its ability to bind c-Myc in vitro (Fig. 6 ). This is predicted to antagonize the actions of cdr2 to bind c-Myc in the cytoplasm (Figs. 2, 3 , and 6) and down-regulate c-Myc-dependent transcription (Fig.  5) , culminating in increased c-Myc activity. The phenotype of Purkinje promoter SV40 T antigen transgenic mice, which activate a signaling pathway closely tied to the c-Myc signaling pathway (Fig. 7) , demonstrates that Purkinje neurons respond to aberrant activation of such pathways by inducing apoptotic cell death.
Several unresolved issues regarding PCD bear on this model. First, the role that antibodies play in disease pathogenesis is uncertain. Although there is a nearly absolute correlation between the presence of high titer cdr2 antibodies and the presence of both gynecologic malignancies and Purkinje neuronal degeneration, attempts to reproduce the disease in animals by passive or active immunization with antibodies have failed, and treatments aimed at reducing serum antibody titers are ineffectual. Nonetheless, the invariant presence of CSF cdr2 antibodies in PCD, the active synthesis of cdr2 antibodies within the spinal fluid, and reports that neurons, especially Purkinje neurons, can efficiently take up IgG (Borges et al. 1985; Fabian and Petroff 1987; Graus et al. 1991) , emphasize the possibility that antibodies may be involved in disease pathogenesis.
One suggestion from these observations is that cdr2 antibodies are necessary but not sufficient to cause PCD. Recent studies have demonstrated the presence of cdr2-specific cytotoxic T lymphocytes (CTLs) in PCD patients (Albert et al. 1998) . CTL activation and killing requires both antigen presentation by antigen-presenting cells (APCs), and recognition of targets by way of major histocompatibility complex 1 (MHC I) molecules (Lenschow et al. 1996) . Antigen presentation to T cells within the CSF compartment may be mediated by microglia (probably corresponding to dendritic cells; Flaris et al. 1993) . Although neurons have not generally been thought to express MHC I molecules, recently Shatz and colleagues have reported significant MHC I expression in neurons, including Purkinje neurons (Corriveau et al. 1998; C. Shatz, pers. comm.) .
However, missing in a scenario of T-cell-mediated neuronal death in PCD are the triggers-events that initially allow APCs to take up and present intracellular Purkinje antigens. Our findings, together with the demonstration that apoptotic bodies from dying cells are an extremely potent antigen stimulus for APCs, suggest a new model of PCD pathogenesis. cdr2 antibody-mediated Purkinje apoptosis, even as a rare event, could trigger APC-mediated CTL activation of cdr2-specific CTLs within the CSF compartment and lead to CTL-mediated elimination of Purkinje neurons.
cdr2:c-Myc interactions in gynecologic tumors
It is unclear why cdr2, whose function appears antago- It is presumed that this interaction is normally regulated by signals that allow c-Myc entry into the nucleus, where it acts to promote transcription and transduce neuronal signaling. In PCD, cdr2 antibodies are proposed to disrupt normal regulation of the cdr2:c-Myc interaction, leading to unregulated entry of c-Myc into the nucleus and aberrant c-Myc-induced gene transcription. c-Myc can drive cell cycle pathways or induce apoptosis in dividing cells (Evan and Littlewood 1998) . For example, c-Myc activates cdc25A (Galaktionov et al. 1996) , and cdc25 family members act on a number of downstream proteins leading to the phosphorylation of the retinoblastoma gene product (pRb) and the release of the transcription factor E2F, a common final step in S-phase entry. c-Myc also can induce ARF (Zindy et al. 1998 ), a protein that induces p53-mediated apoptosis (Prives 1998 ). Excess nuclear c-Myc in neurons is proposed to induce inappropriate cell cycle signaling and Purkinje cell apoptosis in a manner analogous to that observed in Purkinje promoter SV40 TAg transgenic mice (Feddersen et al. 1992 (Feddersen et al. , 1995 . In these mice, T antigen binds Rb, leading to the release of E2F, S-phase entry, and Purkinje apoptosis. We suggest that cdr2 antibodymediated disruption of the cdr2:c-Myc interaction leads to aberrant nuclear c-Myc activity, activation of these cell cycle and apoptotic pathways, and contributes to the pathogenesis of PCD.
Purkinje antigen cdr2 antagonizes c-Myc function
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Cold Spring Harbor Laboratory Press on October 16, 2017 -Published by genesdev.cshlp.org Downloaded from nistic to c-Myc, is coexpressed in gynecologic tumors together with c-Myc, whose activity promotes tumor progression. Although deregulated c-Myc activity in tumor cells clearly drives cell proliferation, c-Myc may also induce tumor cell apoptosis under some circumstances (for review, see Evan and Littlewood 1998) . These observations have suggested that c-Myc overexpression is a two-edged sword in tumor cells, and have implied the necessity of tumor cells to express proteins that can antagonize c-Myc-induced apoptosis (Green 1997) . The inhibition of c-Myc-dependent transcription by cdr2 suggests that cdr2 may attenuate c-Myc function in vivo. It will be of interest to examine whether a common function for cdr2 in tumor cells and neurons is to inhibit the ability of c-Myc to induce apoptosis. The importance of understanding this interaction is underscored by the observation that cdr2 expression is induced in large numbers of gynecologic tumors (>60% ovarian tumors, and >25% of breast tumors; R.B. Darnell et al., unpubl.) .
Materials and methods
Yeast two-hybrid screen
Dr. Roger Brent (Fox Chase Cancer Center, Philadelphia, PA) kindly provided a pJG4-5-based HeLa cDNA library encoding B42 activation domain fusion proteins under control of the Gal1 promoter. The host strain for all assays was EGY48 , in which the endogenous LEU2 gene has been replaced by a LEU2 reporter harboring six LexA-binding sites. The cdr2
65-140 bait was tested for its ability to activate the LEU2 reporter gene independently and to enter the nucleus before library screening. Specificity of the yeast two-hybrid interaction was tested in yeast by the amount of growth on Leu − media and ␤-galactosidase (␤-gal) expression. Significant growth and ␤-gal expression were evident when cMyc was present with the LexA/cdr2 bait construct in the presence of galactose but not glucose. Similarly, there was no interaction of c-Myc with a Drosophila bicoid bait construct. Conversely, cdr2 interacted with c-Myc but not Max or Mxi1 constructs (data not shown). pJG4-5 plasmids encoding Max and Mxi1 activation domain fusion proteins were kindly provided by Dr. Erica Golemis (Fox Chase Cancer Center, Philadelphia, PA).
Recombinant proteins, in vitro translation, and in vitro-binding assay
Plasmids encoding GST fusion with Max, upstream stimulating factor (USF), Myc353 (c-Myc amino acids 250-353) and Myc439 (c-Myc amino acids 250-439), and a plasmid containing the fulllength cDNA of mouse c-Myc were kindly provided by Dr. K. Calame (Shrivastava et al. 1993) .
Full-length mouse c-Myc and mouse cdr2 RNAs were transcribed in vitro using T7 RNA polymerase (Promega), and those RNAs were translated in vitro using rabbit reticulocyte lysate system (Promega) with [ 35 S-L]-methionine (Amersham). All fusion proteins were expressed in bacteria and affinity purified with glutathione-Sepharose (Pharmacia). The GST-cdr2 fusion protein containing amino acids 16-192 of human cdr2 was also purified using glutathione-Sepharose affinity chromatography. In vitro binding assays were performed essentially as described (Harper et al. 1993) . Briefly, GST fusion proteins were immobilized to glutathione-Sepharose and washed with binding buffer [50 mM Tris HCl (pH 7.5), 120 mM NaCl, 2 mM EDTA, 0.1% NP-40, 1 mM NaF, 2 µg/ml aprotinin, 100 µg/ml PMSF]. Labeled proteins were incubated with immobilized fusion proteins and after washing unbound proteins, the samples were separated by SDS-PAGE and analyzed by fluorography.
Immunohistochemical staining
Adult rats (male Sprague-Dawley, ∼3 months, ∼280 grams) were used. Rat brains were perfused with formalin/PBS, paraffin embedded, and sectioned at 14 µm. After deparaffinization, sections were boiled in 0.01 M citric acid (pH 6.0) in a microwave for 10 min. All immune reactions were preceded by a blocking step in PBS/0.05% Triton X-100/2% normal horse serum, and were carried out at 4°C overnight. The following polyclonal antisera were used at 1.0 µg/ml: anti-c-Myc antibody N262 (Santa Cruz Biotechnology), C-19 (Santa Cruz Biotechnology), and anti-human c-Myc polyclonal antibody (Upstate Biotechnology; data not shown).
In addition c-Myc reactivity was seen in sections made from rat brains perfused with 4% paraformaldehyde/PBS, postfixed in the same fixative at 4°C for 4 hr and stored in 10% sucrose/ PBS overnight (data not shown). Floating sections (30 µm) were blocked in PBS/0.05% Triton X-100/2% normal horse serum (blocking buffer). c-Myc monoclonal antibody C-33 (Santa Cruz Biotechnology) diluted in blocking buffer was used at 1 µg/ml, and PND antisera was used at 1:200 dilution.
All sections were washed with PBS/0.05% Triton X-100, incubated with biotinylated secondary antibodies (Vector Laboratories) and washed again. Signals were enhanced by addition of horseradish peroxidase (HRP)-conjugated avidin (Vector Laboratories), developed with diaminobenzidene (DAB) in the presence of H 2 O 2 , and visualized by light microscopy using a Zeiss Axioplan microscope.
Immunofluorescent staining
Tissue culture cells were grown in chamber slides and fixed with 2% paraformaldehyde in PBS. After permeabilization using 0.5% NP-40, cells were blocked in 0.2% gelatin and 0.5% bovine serum albumin in PBS. Primary anti-cdr2 CSF from patients (1:10 dilution) and anti-Myc (C-19, N262, Santa Cruz Laboratory) were incubated with the cells. Each protein was visualized using Cy2 anti-human IgG and Cy5 anti-rabbit IgG (Jackson ImmunoResearch) by confocal microscopy (Zeiss).
For immunofluorescent staining of rat brain (Fig. 2G-I ), tissue sections were fixed in formalin/PBS and paraffin embedded as described above, and visualization was performed using Cy2 anti-human IgG or Cy3 anti-rabbit IgG (Jackson ImmunoResearch) followed by fluorescence microscopy (Zeiss Axioplan using a Hamamatsu ORCA CCD camera). Confocal immunofluorescent microscopy (Figs. 2J-K and 4) was performed using a Zeiss confocal microscope and Cy2 anti-human IgG or Cy5 antirabbit IgG (Jackson ImmunoResearch). We confirmed that sections stained with cdr2/Cy2 gave no signal when detected at the wavelength of Cy5 in the absence c-Myc/Cy5 antibody; similarly, c-Myc/Cy5 staining gave no signal when detected at the wavelength of Cy2 in the absence of cdr2/Cy2 antibody (data not shown).
Immunoprecipitation and Western blot
Mouse cerebellum was homogenized in LS lysis buffer [20 mM HEPES (pH 7.5), 100 mM KCl, 10 mM MgCl 2 , 5 mM dithiothrei-tol (DTT), 0.2% NP-40, 2 µg/ml aprotinin, 0.2 mM phenylmethylsulfonyl fluoride (PMSF)] using a dounce homogenizer. Homogenates were sonicated briefly and soluble fractions were collected after spinning. The lysates were precleared with protein A-Sepharose and normal rabbit sera, and then precipitated with PCD CSF or anti-human c-Myc rabbit polyclonal antibody (Upstate Biotechnology). Tissue culture nuclear and cytoplasmic fractions were prepared by hypotonic lysis and centrifugation. Immunoprecipitated proteins were separated by SDS-PAGE and transferred to nitrocellulose filters. Blotted proteins were analyzed using anti-cdr2 sera from patients or anti-c-Myc mouse monoclonal antibody (C-33, Santa Cruz Biotechnology). The identification of c-Myc protein on Western blots was confirmed with two additional c-Myc antibodies (C-19 polyclonal and C-8 monoclonal antibodies; Santa Cruz Biotechnology). Each protein was visualized in the blot using HRP-conjugated secondary IgG and enhanced chemiluminescence kit (Amersham). In vivo coimmunoprecipitation experiments were repeated in three independent experiments.
Transcription assay (CAT assay and luciferase assay)
Dr. R. Eisenman (FHCRC, Seattle, WA) kindly provided the pSpMyc and (+/−) M4minCAT plasmids used in transfection assays. For CAT assays, transfected cells were lysed in 0.25 M Tris HCl (pH 7.5) by repeated freezing and thawing. Cytoplasmic extracts were mixed with CAT assay buffer [2 µCi/ml 14 Cchloramphenicol, 0.25 mg/ml n-butyryl CoA, 16.6 mM Tris HCl (pH 8.0)], and incubated at 37°C. To isolate the acetylated 14 Cchloramphenicol samples were extracted by 2:1 mixture of tetramethyl pentadecane (TMPD)/xylene. Radioactivity in the extracted organic phase was measured using a liquid scintillation counter.
Luciferase assays were done using a luciferase assay kit (Promega) as described by the manufacturer. Transfection efficiency was normalized by measuring the ␤-gal activity derived from cotransfection with a CMV-lacZ reporter construct, and, in some instances normalizing the number of cells transfected using a pEGFP reporter (Clontech). To measure the ␤-gal activity, cytoplasmic extracts were mixed with buffer A [100 mM NaH 2 PO 4 (pH 7.5), 10 mM KCl, 1 mM MgSO 4 , 50 mM ␤-mercaptoethanol] and 4 mg/ml O-nitrophenyl D-␤-galactopyranoside (ONPG). After incubation, reactions were stopped by adding 1 M Na 2 CO 3 and the absorbance at 420 nm was measured.
Competition assay
GST-cdr2 or GST-Max fusion proteins in solution were immobilized on glutathione-Sepharose beads and incubated with patients' sera. After washing, in vitro-translated 35 S-labeled c-Myc proteins were added to each tube. After washing again, proteins present on GST-cdr2 or GST-Max Sepharose beads were analyzed by SDS-PAGE and fluorography.
cdr2 expression in cell lines
N2A cells were obtained from the ATCC (no. CCL-131). N2A cells were grown in DMEM supplemented with glutamine, 10% fetal bovine serum, and antibiotics, and were transfected by using Fugene 6 (Roche). HTC-75 cells and the HT1080-derived tet-suppressive cell line were provided by Dr. T. de Lange (van Steensel and de Lange, 1997[0015] ). These cells were grown in DME media supplemented with 10% fetal bovine serum and antibiotics. Full-length mouse cdr2 cDNA linked to the T7 tag sequence was cloned into pUHD10-3 plasmid. DNA was transferred to HTC-75 cells using lipofectamine (GIBCO-BRL) as described by the manufacturer. Stable transformants were selected and cloned by adding Geneticin (GIBCO-BRL) to 400 µg/ ml and examining cdr2 expression in individual clones by Western blot analysis.
